A particle-bound, M g2+-dependent A TPase activity is investigated in cell-free extracts o f the cyanobacterium Anabaena variabilis. The enzym e can be clearly distinguished from the cyanobacterial-coupling factor o f photophosphoiylation and from the alkaline phosphatase. It requires low concentrations o f Ca2+ for m axim al activity and is inhibited by orz/io-vanadate, indicating that the enzyme may form a phosphorylated interm ediate in its catalytic cycle. The distribution o f the ATPase in sucrose density gradients does not follow that o f thylakoids. It is concluded from these characteristics that the enzym e is bound to the plasma membrane. The cytochrom e oxidase ac tivity o f the extracts appears to be restricted to the thylakoids.
ma membrane. Some properties of the ATPase and of the particles it is bound to will be reported.
Materials and Methods

Anabaena variabilis
Kütz. (A T C C 29 413) was growth photoautotrophically and harvested as de scribed [8] . For lysozyme digestion, the cells were suspended in 22.5 m M Tris-HCl pH 8.1, 0.38 m su crose, 0.1 m NaCl, 10 m M EDTA, 2 m g/m l egg white lysozyme, to a final concentration o f 0.6 to 0.8 m g / ml chlorophyll and incubated at 30 °C for 3 h in the dark. All subsequent isolation procedures were performed at 0 to 4 °C. The lysozym e-treated cells were collected by centrifugation (10 m in at 1500x0) and resuspended in 30 m M Tris-HCl pH 8.1 to give a concentration of about 2 m g/m l chlorophyll. Glass beads (1 g/m l, 0.5 mm diam eter) were added and the cells broken in a cell hom ogenizer m odel MSK (Braun, Melsungen, F R G ) at 3400 rpm for 1 min. Glass beads were allowed to settle down, the extract decanted and dialyzed for 2 h against 10 m M TrisHCl pH 8.1. Aliquots of 3 ml of this extract were layered on linear gradients of sucrose (20 to 50%, w / w, in 10 m M Tris-HCl pH 8.1, total volum e of 36 ml), and centrifuged for 15 h at 25 000 rpm in a Beckman SW 27 rotor. Intact cells, mostly heterocysts, formed a pellet at the bottom of the centrifuge tube. The gradients were fractionated and assayed for A T Pase and chlorophyll (absorbance at 680 nm) distri bution.
ATPase was assayed by determ ination o f phos phate liberated. The assay m ixture (1.0 ml) contain ed 6 m M MgCl2, 6 m M ATP (neutralized sodium salt), 30 m M Tris-HCl pH 8.1. The reaction was start ed by addition o f an appropriate am ount o f the frac tions (usually giving 0.1 to 0.5 mg protein/m l) and stopped after 0 or 90 min w ith 0.5 ml o f 6% (w /v) trichloroacetic acid. After centrifugation, phosphate release was determined colorim etrically [9] . ATPase activity was confirmed to be constant for 90 min. Incubation tem perature was 37 °C except in the ex periments with intact cells (see Table II ).
The Ca2+-dependent ATPase activity attributed to the coupling factor of photophosphorylation [6, 7, 10] was activated by trypsin treatm ent. The reaction mixture was that described [11] except th at the pro tein concentration of the m em brane preparations was 0.5 m g/m l and the concentration o f trypsin 0.25 mg/ml. After various tim es (see Fig. 2 ) at room temperature, digestion was stopped by addition of soybean trypsin inhibitor to 0.75 m g/m l. ATPase ac tivity was assayed as above except that M gCl2 was replaced by 6 m M CaCl2, the reaction tim e was 40 min.
Cytochrome oxidase activity was assayed polarographically as described [8] with 15 |iM cytochrom e c from horse heart. The rates o f oxygen uptake given are those sensitive to 100 |iM KCN.
Chlorophyll was quantified in m ethanolic extracts [12] , protein by a m odified Lowry procedure [13] . Sodium dodecylsulfate gel electrophoresis in the presence of urea was carried out as in [14] . Samples with 0.5 to 1 mg of protein/m l in the final sam ple buffer of Laemmli [15] containing 3 or 6% (w /v) sodium dodecylsulfate were incubated for 30 m in at room temperature. Electrophoresis was carried out for 1 h at 130 V followed by 2 h at 200 V, the length of the separating gels (15% in acrylam ide) was 15 cm. Polypeptides were stained with Coom assie brilliant blue R-250 according to Ref. 16 . The same staining procedure was used for Ouchterlony double diffusion plates.
For electron microscopy, fractions 'A ' and 'B' from a sucrose gradient (see Results) were diluted 4-fold with 20 m M Tris-HCl pH 8.1, 20 m M N aC l, centrifuged for 2 h at 100 0 0 0 x 0 and the pellets re suspended in 20 m M Tris-H Cl pH 8.1 to 1 to 2 mg protein/ml. After addition o f 5% phosphotungstic acid (brought to pH 7.2 with N aO H ) to a final con centration of 2%, aliquots were transferred to Form -W. Lockau and S. Pfeffer • Cyanobacterial ATPases var-coated grids. Excess liquid was removed with fil ter paper. The grids were air-dried and inspected with a Jeol electron microscope at 80 kV.
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Results
The ATPase activity of cell-free extracts o f lysozyme-treated Anabaena variabilis was broadly dis tributed in sucrose density gradients after 15 h of centrifugation (Fig. 1) . The activity at the top o f the gradient (soluble proteins) may be due to a phos phatase. It was not investigated further. From com parison with the distribution of chlorophyll (A 680 nm), it can be seen that the bulk of the ATPase activity in the gradient was not associated with the thylakoid membranes. For further experiments, the fractions indicated by the bars 'A' (containing the thylakoids) and 'B' (high ATPase activity but low chlorophyll content) were used.
The ATPase activity of fractions 'B' appeared to be particle-associated. More than 90% of the activity was recovered in a yellowish-brown pellet after NaCl (to reduce the sucrose concentration) and 2 h of centrifugation at 100 000x g . Table I shows the substrate specificity o f the ATPase. ADP, p -nitrophenylphosphate and glucose-6-phosphate as po tential substrates for an unspecific phosphatase were only split at a low rate com pared to ATP. Hydrolysis of ATP depended on Mg2+. Highest rates required equimolar concentrations of ATP and Mg2+; halfmaximal rates o f ATP hydrolysis were obtained with 0.8 m M Mg2+-ATP, the pH optim um was at pH 8 to 8.3 (data not shown). In the presence of Mg2+, all nu- cleotide triphosphates were hydrolyzed, but at a low er rate than ATP (Table I) . Table II shows that intact filaments of A. variabilis hydrolyzed phosphate-containing compounds with a different substrate specificity than fractions 'B\ Since p-nitrophenylphosphate was hydrolyzed faster than ATP, this activity can be attributed to the alka line phosphatase located in the periplasm ic space of cyanobacteria [17, 18] . Enhancem ent of the activity of this enzyme by Mg2+ (Table II) has been observed before [19] .
Several lines of evidence indicate that the ATPase contained in fractions 'B' is different from the coupling factor of photophosphorylation: As Fig. 2 shows, lim ited digestion with trypsin which activates the latent ATPase activity of the cyanobacterial coupling fac tor and converts it to a Ca2+-dependent ATPase [6, 7] had little effect on fractions 'B \ It should also be not ed that Ca2+ could not replace M g2+ in support o f the ATPase activity of fractions 'B' (com pare the rates in Table I ). Under the same conditions, the C a2+-dependent ATPase activity of the thylakoid-containing fractions 'A' was strongly enhanced by trypsin treat ment (Fig. 2 ). An antiserum against the plastidic coupling factor from spinach cross-reacted partially with the green fractions 'A' but not with fractions 'B' (Fig. 3) . Ortho-vanadate, an inhibitor of most cati on-translocating ATPases which has, as far as inves tigated, no effect on coupling factors [20, 21] , inhibit ed the Mg2+-dependent ATPase of fractions 'A ' and 'B' at (iM concentrations (Fig. 4) . It had little effect on the Ca2+-dependent ATPase activity of trypsintreated fractions 'A' which is attributed to the cou pling factor. N,N'-dicyclohexyl carbodiim ide, an ef ficient inhibitor of the ATPase activity of coupling factors, inhibited the ATPase activity of fractions 'B' only at high concentrations. At a concentration of 0.125 m M about 10% inhibition, at 1 m M about 30% inhibition were obtained. This may be an unspecific inhibition since carbodiim ides are very reactive sub stances with a broad specificity [22] , Addition of 20 m M KC1 or NaCl, or a com bination of both, stimulated the ATPase tested with the Tris salt of ATP plus equim olar concentrations of MgCl, only slightly (0 to 20%). Inconsistent results were ob tained with CaClo. A ddition of 5 hm C aC l2 stim ulat ed the Mg2+-dependent ATPase activity of some preparations o f fractions 'ET up to 150%, whereas in others only a slight stim ulation was observed (as in Fig. 5B) , indicating that the preparations may have contained variable amounts of endogenous Ca2+. It was consistently found (Fig. 5 A) that very low con centrations of the Ca2+ chelator, EGTA, inhibited the ATPase activity. This inhibition was reversed by CaCl, (Fig. 5B) . It is concluded that the Mg2+-dependent ATPase requires low concentrations of Ca2+ for maximal activity.
The polypeptide profiles of fractions 'A ' (which contain the thylakoids) and fractions 'B' were rather different (Fig. 6) . Most im portant, polypeptides in the region around Mr=45 kDa which are prom inent in preparations of the outer m em brane of gramnegative bacteria and of the cyanobacterium Anacvstis nidulans [23, 24] were absent in fractions 'B \ The polypeptide profile of fractions 'A ' is typical for cyanobacterial thylakoids (see e.g. [25, 26] ).
In lakoids. Fractions 'B' contained smaller particles, frequently with a rough surface (Fig. 7) .
The protein and chlorophyll content and the spe cific activities of the ATPase and the cytochrome oxidase of the fractions are listed in Table III . For different preparations, the protein/chlorophyll ratio of the thylakoid-containing fractions was rather con stant (4.8 to 6.7), whereas that of fractions 'B' was quite variable (40 to 300). W hen calculated on a pro tein or on a chlorophyll basis, the specific activity of the ATPase of fractions 'B' was several-fold higher than that of A '. A different situation was found for the cytochrome oxidase activity. The thylakoid-con taining fractions, in this experim ent, had a 9-fold higher specific activity on a protein basis. On a chlo rophyll basis, however, the activity of the oxidase in both fractions A ' and 'B' was nearly identical (Ta ble III). In preparations of fractions 'B' which had much higher protein/chlorophyll ratio than the one Table III , the activity of the cytochrome oxidase was too low to be m easured accurately with the technique used.
Discussion
The cyanobacterial ATPase described here is cer tainly different from the coupling factor o f photo phosphorylation. It is not converted to a C a2+-dependent ATPase by trypsin treatm ent, does not cross-react with an antiserum against such a cou pling factor and requires |iM concentrations o f C a2+ (in addition to much higher concentrations o f M g2+) for maximal activity (Figs. 2, 3, 5 ). It is inhibited by vanadate (Fig. 4) , a com pound which is believed to affect, amongst other enzymes, ATPases form ing a phosphorylated interm ediate in their catalytic cycle only [20, 21] and is insensitive to N ,N '-dicyclohexyl carbodiimide. Although the enzyme shows an alka line pH optimum around pH 8, substrate specificity and complete dependence on Mg2+ for activity (T a ble I) distinguish it from the alkaline phosphatase of cyanobacteria (Table II; see [18, 2 7 -2 9 ] ).
The distribution of the enzyme activity in sucrose density gradients overlaps, but does not coincide, with the distribution of thylakoids (Fig. 1 , see also the identical concentration dependence of inhibition by vanadate of the Mg2+-dependent ATPase in the thylakoid-containing fractions 'A ' and in fractions 'B \ Fig. 4) . It seems that the enzyme is bound to another membrane or particle and, if at all, only to a minor extent also to the thylakoids. Phosphate-con taining compounds added to intact cells of Anabaena variabilis are split by what appears to be an unspe cific phosphatase (Table II) , an enzyme which has been shown to be located in the periplasm ic space of the cyanobacterium Plectonema boryanum [17] , Since the ATPase described here can be distinguish ed from a phosphatase, one is left with the plasm a membrane as the site of its most probable intracellu lar localization. Further support comes from the polypeptide pattern of the fractions with the highest specific ATPase activity, fractions 'B' (Fig. 6) , which differs from the patterns of outer m em branes from bacteria and from a cyanobacterium [23, 24] . It should also be mentioned that outer m em branes of bacteria do apparently not contain an ATPase [23] . Superficially, the polypeptide pattern of fractions 'B' shows little similarity to the polypeptide pattern Pinevich [4] reported for his plasma m em brane preparation from another strain of Anabaena vari abilis, where many bands were common to both the thylakoid and the plasma m em brane fractions. The polypeptides, however, which he found to be spe cific for the plasma mem brane all had m olecular weights smaller than 36 kDa, and this is the molecular weight region where almost all polypeptides of frac tions 'B' are located (Fig. 6 ). Pinevich's plasm a membrane preparation may have been more heavily contaminated with thylakoids than fractions 'B \ It is startling that ATPase activity is so broadly distributed in the sucrose gradient (Fig. 1) . Possible reasons could be that the thylakoid m em branes also contain the enzyme in addition to the coupling factor of photophosphorylation, or that the m em branes carrying the enzyme partially stick to the thylakoids. The last-mentioned possibility is not unlikely since EDTA was omitted, which is usually included into such gradients to improve separation by removal of divalent cations. EDTA was omitted on purpose be cause it is known [6, 7] to solubilize the cyano bacterial coupling factor, thus m aking the com pari son of different fractions of the gradient more com plicated. A third possibility could be a heterogenous density of the particles to which the ATPase is bound, e.g. because the small fragments generated by the disruption of sphaeroplasts (Fig. 7) contain variable amounts of cell wall material. This prob lem, however, can not be resolved with certainty at present.
In view of recent evidence [30] [31] [32] [33] that the respir atory chain of cyanobacteria may not be restricted to the thylakoids, as thought before [34] , but may part ly also be associated with the plasma mem brane, the distribution of cytochrome oxidase activity in the thylakoid-containing fractions and the fractions pre sumably enriched in plasma membranes (/. e. frac tions 'B') is of interest. This enzyme is one, of pos sibly two, terminal oxidases of cyanobacteria (com pare [35] ). Only a low activity of the oxidase was re covered in fractions 'B' (Table III) . Since this ac tivity, when calculated on a chlorophyll basis, equals that found with thylakoids, it may be associated with thylakoids contam inating fractions 'B'.
The physiological role of the ATPase is, at the present stage, open to speculation. Its sensitivity to vanadate and its possible localization on the plasma membrane are suggestive of a proton-pum ping A T Pase like the one recently identified in fungi (see M alpartida and Serrano [36] and references therein). However, the requirem ent for low concentrations of Ca2+ for maximal activity suggests that the enzyme may be a Ca2+-translocating ATPase. Such an en zyme is well-known from eukaryotic cells but has been found in bacteria only once [37] ; it is sensitive to vanadate [38] as is the ATPase described here. Outwardly-directed C a2+ transport is a general fea ture of plasma m em branes and has been proposed to be involved in the phototactic m ovement of a cyano bacterium [39] , but this may also be secondary active transport. We currently attem pt to characterize the function of the cyanobacterial ATPase described here.
